GVHD is a major complication after allo-SCT. In GVHD, some tissues like liver, intestine and skin are infiltrated by donor T cells while others like muscle are not. The mechanism underlying targeted tropism of donor T cells is not fully understood. In the present study, we aim to explore differences in gene expression profile among target versus non-target tissues in a mouse model of GVHD based on chemotherapy conditioning. Expression levels of JAK-signal transducers and activators of transcription (STAT), CXCL1, ICAM1 and STAT3 were increased in the liver and remained unchanged (or decreased) in the muscle and kidney after conditioning. At the start of GVHD the expression levels of CXCL9, ITGb2, SAA3, MARCO, TLR and VCAM1 were significantly higher in the liver or kidney compared with the muscle of GVHD animals. Moreover, biological processes of inflammatory reactions, leukocyte migration, response to bacterium and chemotaxis followed the same pattern. Our data show that both chemotherapy and allogenicity exclusively induce expression of inflammatory genes in target tissues. Moreover, gene expression profile and histopathological findings in the kidney are similar to those observed in the liver of GVHD mice.
INTRODUCTION
Allo-SCT is the treatment of choice for a variety of malignant and non-malignant diseases, especially in the field of hematology. 1 However, its application is limited owing to several complications, especially GVHD. 2 It is assumed that conditioning induces tissue injury and subsequent lipopolysaccharides (LPS) extravasation promotes a cytokine storm, leading to activation of donor T cells by host/ donor APCs. 3, 4 Finally, allo-reactive donor T cells migrate and infiltrate peripheral tissues. Hypothetically all organs should be possible targets for donor T cells; nevertheless, the liver, gastrointestinal tract, skin and lungs 3, 5, 6 are the principal target organs. 7 Although damage to other organs (for example, kidney) has been described, 8, 9 most clinicians do not consider the kidney a target organ for acute GVHD (aGVHD). Several hypotheses have been discussed, but clear alterations of target versus non-target tissues have not been explored yet. Inflammatory cytokine secretion and chemokine expression have an important role in lymphocyte activation and migration to inflammation sites. [10] [11] [12] [13] Mapara et al.
14 , Ma et al. 15 and others have shown higher expression of recruiting chemokines on the target tissues of GVHD mice. Overexpression or aberrant expression of MHC molecules 16 has been suggested as a possible cause for the targeted invasion of donor T cells. 3 These reports shed light on the principal molecular changes in the process of GVHD; however, owing to elevated levels of cytokines in the serum and systemic inflammation following GVHD, these findings cannot be considered exclusive changes in target organs-especially when compared with syngeneically transplanted animals. Moreover, none of these reports describe any changes in gene expression profile of non-target tissues like muscle.
We hypothesized that comprehensive gene expression analysis of target versus non-target tissues after conditioning regimen and in the early phases of GVHD might help us to understand the underlying mechanisms of T-cell trafficking. Hence, in the present report, we classified the liver as affected (target) and muscle as less-affected (non-target) organs, and explored the role of the kidney in aGVHD. Then we compared gene expression profiles before and after conditioning, as well as in the early phase of aGVHD within and between groups (allo-and syngeneic SCT).
MATERIALS AND METHODS Animals
Female BALB/c and male C57BL/6 mice, 10-14 weeks old, were purchased from Scanbur (Sollentuna, Sweden). They were maintained under specific pathogen-free conditions in an animal facility with individually ventilated cages. Animals were fed autoclaved mouse chow and tap water ad libitum and were allowed to acclimatize to their surroundings for 1 week. All experiments described here were approved by the southern Stockholm ethics committee for animal research in accordance with Swedish Animal Welfare law.
Assessment of GVHD Recipient mice were examined daily from the start of conditioning until the indicated sampling day. Animals were evaluated for five clinical symptoms of GVHD: weight loss, posture, activity, fur texture and skin integrity as described elsewhere. 17 
Histopathology
To confirm GVHD, histopathological evaluation was performed as described previously. 17 Tissue samples were fixed in neutral buffered formalin for 24 h, transferred to 70% ethanol, dehydrated and embedded in paraffin according to standard procedure. Sections of 4 mm were prepared and stained by hematoxylin and eosin for histopathological evaluation.
Tissue preparation
At day À 7 (control), 0 (after conditioning) and þ 7 (start of GVHD) between three to six mice per group were killed. To exclude the effects of circulatory cells in tissues, the entire mouse body was perfused through the heart with 20-30-mL-ice-cold PBS containing 2% FBS and 10 mM EDTA. Then portions of the liver, kidney and muscle were isolated, snap frozen in liquid nitrogen and transferred to À 150 1C until analysis.
Microarray analysis
RNA extraction was done according to Qiagen RNeasy kit instructions manual (WVR, Stockholm, Sweden). The integrity of extracted RNA was confirmed using the Agilent 2100Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA).
cRNA sysnthesis and microarray analysis were done according to Affymetrix manual (Affymetrix Inc., Santa Clara, CA, USA). Scanned images were inspected and analyzed using established quality control criteria.
Data analysis
Data analysis was performed with Affymetrix GeneChip Operating Software (GCOS, v1.1) using the MAS5 method (TGT ¼ 100). A quantitative signal and a qualitative detection call was generated for each sample and transcript. Within each tissue, pair-wise comparisons of treated samples versus the untreated sample were performed, generating a corresponding quantitative signal log ratio and a qualitative change call.
Enrichment analysis
To investigate induced treatment effects in the different tissues in a functional context, enrichment analysis was performed using WebGestalt (http://bioinfo.vanderbilt.edu/webgestalt/). Differently expressed genes within each tissue were selected and tested for enrichment of the gene ontology subcategory (http://www.geneontology.org) and KEGG pathways (http://www.genome.ad.jp/kegg/). Hypergeometric was considered for statistical method, significance level was 0.01, minimum number of genes for a category considered 4 and P-value correction by Benjamini & Hochberg, statistical method (BH).
Principal component analysis plot sample similarities in expression patterns were visualized by three-dimensional principal component analysis plots. A set of gene ontology terms were selected for visualization and genes associated with the respective term and present in at least one sample were subjected to principal component analysis using Qlucore Omics Explorer 2.0 (www.qlucore.com/). SCT. 17, 18 Twenty-one days after transplantation histological findings in the skin (inter-follicular epidermal hyperplasia, apoptotic figures and disappearance of hypodermal fat layer) and intestine (severe disturbance in crypts, hyperplasia, hyperchromasi and apoptotic features) of the allogeneic group was compatible with GVHD manifestations and confirmed the occurrence of GVHD (Figure 1 ). Weight changes and other clinical indices of GVHD were also observed in allogeneically transplanted animals, whereas the syngeneic group recovered to normal conditions (data not shown).
RESULTS

Establishment of GVHD
Effect of chemotherapy conditioning on gene expression profile We evaluated the gene expression profile in the liver, kidney and muscle after chemotherapy conditioning (day 0). Expressions of 164, 114 and 660 genes were changed in the liver, kidney and muscle, respectively. Table 1 lists the 20 genes most highly affected by Bu-Cy regimen in three different tissues. A distinguishable effect of conditioning was that genes involved in hemoglobin synthesis exclusively decreased in all tissues (Table 1) . Reciprocally, expression levels of only two genes, FK506-binding protein 5 and Vanin 1, increased in all studied tissues after conditioning.
Inflammation-related genes-like CXCL1, IFNg-induced GTPase (Igtp), signal transducers and activators of transcription (STAT3) and intercellular adhesion molecule 1 (ICAM-1) were upregulated by 13-, 2.8-, 2.3-and 2.1-fold, respectively, in the liver, while not changing or decreasing in the kidney or muscle.
Effect of conditioning on expression of different biological processes Analysis of upregulated genes in the liver has shown that the Jak-STAT signaling pathway was significantly (Po0.0006) overexpressed, whereas no other tissues showed this pattern ( Figure 2 ). As shown in Figure 2 , genes involved in Jak-STAT pathways, for example, SOCS3, STAT3 and Cyclin D1, were significantly overexpressed by 2.8, 2.3 and 2.6, respectively. Pathway analysis of overexpressed genes in the kidney or muscle did not result to any biological processes.
Allogenicity induces expression of inflammatory genes in tissues of GVHD mice
To explore the effect of allogenicity on gene expression profile, the liver, kidney and muscle of allo-SCT and syn-SCT mice were compared 7 days after SCT. All expressed genes in the organs of both groups were adjusted based on expression level in the matched tissues of conditioned mice (day 0). To specify which genes were exclusively up-or downregulated in an organ, upregulated genes in tissue from allo-SCT should be downregulated or not change in the same organ from syn-SCT and vice versa.
Gene expression profile in the liver In total, 621 and 590 genes were up-and downregulated, respectively, in the liver of GVHD mice as compared with syngeneic setting. A majority of overexpressed genes in the liver of GVHD mice were directing immune response and inflammation. Some genes, like chitinase 3-like3 (158FC, fold change), serum amyloid-A3 (97FC), scavenger receptor class-A, member-5 (55.7FC), histocompatibility-2, class II Ag-A, beta1 (30FC), CXCL9 (28FC), integrin beta-3 (28FC), CD74 Ag (20FC), CXCL1 (17FC), IL-1 receptor, type-I (17FC), CCL6 (14FC) and CXCL10 (11FC), which are important in Ag presentation, leukocyte migration and activation, were significantly upregulated in the liver of GVHD mice but not in the syngeneic group (Po0.001).
Next, we analyzed all overexpressed genes to elucidate biological processes. As clearly shown in Table 2 , a majority of immune responses and inflammation-related processes were significantly upregulated in the early phase of GVHD. Significantly overexpression of Toll-like receptor signaling (Po0.0026) and GVHD (Pp9.28e À 09) pathways adequately explain the pathophysiology of liver damage during GVHD (Figures 3a and b) . 
Tgtp/ Tgtp2
Abbreviation: FC ¼ Fold changes. Female BALB/c mice were conditioned with Bu-Cy and at day 0 the liver, kidney and muscle were snap frozen. Gene expression level in these tissues was compared with that of untreated mice (day À 7). List of the first 20 genes with highest changes, either up ( þ ) or down ( À ), after chemotherapy conditioning is shown.
Gene expression pattern in early phase of GVHD B Sadeghi et al Interestingly CD14 (22.7FC), LBP (5.3FC), TLR1 (5.3FC) and TLR2 (7FC) genes were significantly upregulated.
Gene expression profile in the kidney Gene expression analysis shows that numerous genes related to inflammation and the immune response were upregulated in the kidney of GVHD mice (day þ 7), while remaining unchanged or even decreasing in the syngeneic setting. The genes Chitinase 3-like3 (955-fold), CXCL9 (72-fold), IFN-inducible GTPase-1 (72-fold), IFN ginducible protein-47 (49-fold), Histocompatibility-2, Q region (49-fold), Histocompatibility-2, class II, locus Mb-2 (49-fold), Macrophage activation-2 like (45-fold), IFN-inducible GTPase-1 (45-fold), Granzyme-B (39-fold), Granzyme-K (34-fold), CD3 Ag, g-polypeptide (34-fold) and CXCL11 (32-fold), which directly or indirectly are relevant to immune responses and/or inflammation, were significantly upregulated in the kidney of GVHD mice but not in the syngeneic group. As shown in Figure 3c , overexpression of MHC (both classes) in combination with intermediate genes, for example, CLIP (11.3FC), TAPBP (4.6FC), TAP-1 (26FC) and TAP-2 (15FC), genes that are involved in Ag processing and presentation pathways, was significantly higher in the kidney of GVHD mice.
Gene expression profile in the muscle In our analysis, we have found that a total of 3918 genes were changed in the muscle of GVHD mice as compared with the syngeneic group. Among them several inflammatory genes that mainly relate to systemic inflammation and cytokine effects were overexpressed in the GVHD group. Although a majority of observed pathways (470%) belonged to cell biological and metabolic clusters, o30% of them were directed to Ag processing and presentation as was expected. As opposed to the kidney and/ or liver, important genes for chemotaxis-like IL-1-b, chemokines and adhesive molecules, for example, CXCL9, CXCL1, CCL1, Marco, Saa-1, Saa-3, STAT1 and VCAM, either were not expressed or were significantly less expressed in the muscle. In summary, despite the muscle of GVHD mice presenting more inflammatory genes than the muscle of syn-SCT animals, they still expressed much less inflammatory, chemotactic genes compared with the liver and kidney of GVHD mice.
Target organs have different gene expression pattern in the early stages of GVHD In total 345 genes were exclusively upregulated in the liver of GVHD mice. Figure 4a compares the expression level of some of these genes in three different tissues of the GVHD group. Serum amyloid A-3, scavenger receptor class-A, member-5, macrophage receptor with collagenous structure, immunoresponsive gene-1, CD14, CXCL9, TLR2 and TLR1 were significantly increased by 97-, 56-, 49-, 49-, 23-, 23-, 7-and 5-fold, respectively, in the liver, whereas remaining unchanged or decreasing in the muscle of the same mice or liver of syn-SCT animals (Figure 4a ). The kidney could be a target tissue after allo-SCT Our analysis showed that 311 genes were exclusively upregulated in the kidney of allo-SCT mice. These genes were unchanged or even decreased in the kidney of syn-SCT animals and also the muscle of GVHD mice. Most of the overexpressed genes in the kidney of GVHD mice were related to Ag presenting and immune response (Figure 4a ). Although stimulated biological processes in the kidney are comparable to those observed in the liver, genes (Figure 4a ) and biological processes (Figure 4b ) showed different expression levels and patterns in these two organs. Notably, both are significantly different from those observed in the muscle. Figure 4b shows that some biological processes, mainly those related to chemokine function, cell taxis (Po9.75e À 05) and leukocyte migration/trafficking (Po1.71e À 05) are exclusively overexpressed in the liver.
To evaluate the whole picture of gene expression and pathways across different tissues and conditions, we have analyzed all relevant data regarding Ag processing and presentation, and leukocyte migration, and have shown in principal component analysis graph (Figures 4c and d) . As shown in Figures 4c and d , the liver and kidney of GVHD animals have different patterns as compared with similar tissues in controls ( À 7) after conditioning (0) and in the syngeneic group (Syn), whereas the pattern in the muscle of GVHD animals does not show a similar pattern.
T-cell infiltration in the kidney of GVHD mice We next explored the infiltration of CD3 þ T lymphocytes in target tissues as a result of GVHD progress and establishment. Abbreviations: C ¼ number of reference genes in the category, O ¼ number of genes in the gene set and also in the category, E ¼ expected number in the category, R ¼ ratio of enrichment; adj P ¼ adjusted P value. BALB/c mice were conditioned with Bu-Cy regimen and underwent allogeneic or syngeneic SCT (Materials and methods). Seven days after transplantation, genes that were exclusively upregulated in the liver of GVHD (allogeneic) compare with the liver of syngeneic setting were analyzed to elucidate induced biological processes. Majority of induced biological processes were inflammatory and immune responses.
Gene expression pattern in early phase of GVHD B Sadeghi et al Figure 3 . Allogenicity provokes inflammatory pathways in the liver of GVHD mice. BALB/c mice were conditioned and transplanted with BM and SP cells from allogeneic or syngeneic donors (Materials and methods). Seven days after SCT, whole circulation system was perfused and samples from the liver and kidney were snap frozen. Gene expression profile and pathways were analyzed and compared between the allogeneic (GVHD) and the syngeneic groups. Two upregulated pathways are shown here. (a) The liver, Toll-like receptor pathway (Po0.0026), (b) liver GVHD (Pp9.28e À 09) and (c) the kidney, Ag processing and presentation process (P ¼ 2.85e À 12) were significantly upregulated in the liver and kidney of GVHD mice, respectively, as compared with the liver and kidney of syngeneically transplanted animals. Arrows indicate upregulated genes.
Twenty one days after allo-SCT, sections from the liver and kidney were prepared and stained with antibodies against CD3 þ lymphocytes. Figure 5 demonstrates that the kidney and liver of GVHD mice were infiltrated with T cells, while tissues from syngeneically transplanted animals were not.
DISCUSSION
Several reports have shown that tissue damage due to conditioning is important factor in triggering and developing GVHD. 10, 11, 19, 20 It is not clear why some tissues (for example, the liver and skin) are more vulnerable to GVHD damage. 6 We and others have shown a cytokine storm and T-cell expansion occur 5-7 days after allo-SCT. 14, 18, 21 Therefore, in the present investigation, we compared gene expression patterns among target versus non-target tissues in an established mouse model. 17 We found that the expression of CXCL1, ICAM1 and STAT3 along with the Jak-STAT pathway was significantly higher in the liver after chemotherapy conditioning, suggesting preceding local inflammation and/or toxicity. CXC chemokine secretion can be triggered through recognition of bacterial endotoxin. 22, 23 CXC chemokines are also produced in response to apoptosis or cell damage. 24 Bacterial endotoxin leakage from the gastrointestinal (GI), a consequence of conditioning regimens, 11 is considered a GVHD trigger. 4 The STATs are a family of latent cytoplasmic transcription factors activated by many cytokines and growth factors. 25 Among them, STAT3 was originally identified as a mediator of the acute phase of inflammatory response triggered by IL-6. 26 Although we 18 and others 11 have shown that the peak of cytokines occurs 5-7 days after allo-SCT, not at day 0, overexpression of STAT3 in the liver could be caused by local tissue damage and inflammation observed in liver histology after conditioning (data not shown). BU metabolism and detoxification, as well as CY activation is mainly done in the liver. 27, 28 It has been shown that a high load of toxic metabolites and a shortage of protective components during Bu-Cy conditioning induce hepatic toxicity and liver injury. 29, 30 We have also found that chemotherapy conditioning increased expression of FK506 binding protein in all tissues, whether target or non-target. Interestingly, the encoded protein binds to immune-suppressants FK506 and rapamycin. The administration of rapamycin has recently been shown to possibly decrease the severity of GVHD. 31 This observation tallies with our gene expression analysis.
We have shown that during GVHD progression overexpression of inflammatory genes were found only in the allogeneic setting, despite the same conditioning regimen as the syngeneic group. This observation indicates the importance of allogenicity and role of coming donor cells in gene expression profile. 14, 18 IFNg, IL-1 and IL-6 are inflammatory cytokines derived from activated T, NK cells and APCs, 32 and have a pivotal role in GVHD promotion. [33] [34] [35] The essential role of inflammatory cytokines in upregulating particular genes has been shown earlier. 25, 36 Our findings indicate that almost all tissues of GVHD animals presented upregulation in genes, reflecting systemic inflammation at day þ 7. However, the differences in expression levels of these genes and/or relevant pathways in the liver and kidney of GVHD mice were significantly higher than those in the muscle of GVHD mice. Although 490% of biological processes and pathways in the liver and kidney of GVHD mice were related to inflammatory processes, only 25-30% of upregulated processes in the muscle belonged to these clusters. In other words, although systematic elevation of inflammatory cytokines might change the expression pattern of particular genes in all tissues of GVHD mice, there are other underlying mechanisms, which might change gene expression profile in the target tissues during development of GVHD. Ichiba et al. 36 have shown that gene expression profile in the liver of GVHD mice is mainly influenced by IFNg. Although our findings generally show the same concept, despite different conditioning regimens, however, gene expression profiles look different. To explain the discrepancy, we compared gene expression profile in the liver of TBI or Bu-Cy-conditioned mice and the results show that gene expression profile is subject to conditioning regimen and sampling time (unpublished data).
In the process of GVHD, Ag processing and presentation, and T-cell migration/trafficking are critical issues. 3, 37 Likewise aberrant or over-expression of MHC molecules on different tissues have been reported by several groups. 38 IFNg increases the expression of MHC molecules on lymphoid and non-lymphoid tissues. 39, 40 In agreement with these studies, we have found that expression of MHC class I and II genes significantly increased in the kidney and liver of GVHD mice, but remained unchanged or showed limited increase in the muscle of the same animal. Along with MHC class II, CLIP(CD74) is an important protein for Ag presentation. CLIP has a key role in presenting antigens by DCs through MHC-II trafficking, protein loading and DC migration. 41 The expression of CLIP is induced by IFNg. 42 We have found that the expression of CLIP is increased in the kidney and liver of GVHD mice. It seems that increased ability of Ag presenting by inhabitant APCs in the kidney and liver is an important process in the development of GVHD in these organs. 43 Leukocyte trafficking to various tissues is mediated by expression of adhesion molecules ICAM-1 and VCAM-1 in endothelial cells. 44, 45 They have an important role in recruiting donor T cells and initiating organ damage in GVHD pathogenesis. 46, 47 Our findings showed that the expression level of ICAM-1 was increased in the liver and kidney 7 days after allo-SCT. Remarkably, VCAM-1 expression was higher in the kidney than in the liver, whereas it did not increase in the muscle of GVHD mice or in any tissues of syn-SCT animals. Several groups have explored and identified the role of various chemokines in T-cell migration and trafficking to target tissues in the GVHD process. 14, 36, 48 In line with these observations, we have found that expression levels of CXCL1, CXCL9, CXCL11 and CCL5 were increased after allo-SCT. Interestingly, whereas the expression of CXCL1 and CXCL13 was higher in the liver, CXCL9, CXCL11 and CCL5 were more highly expressed in the kidney. Different chemokine expression patterns in these tissues could be due to the tissue nature/physiology, intensity of previous damage, expression kinetics and/or level of inhabitant immune cells. Interestingly, biological analysis has shown that certain processes for example, leukocyte migration and leukocyte chemotaxis, which are vital for early T-cell invasion and trafficking, were higher in the liver as compared with the kidney. This might explain the priority of the liver as the first place for tissue damage in the GVHD. Further kinetic studies are warranted.
Last, histopathologic staining of the kidney of GVHD mice confirmed the presence of T cells (similar to that observed in the liver) indicating T-cell invasion to this organ after developing GVHD. In summary, our data indicate that the gene expression profile of the kidney in allo-SCT is comparable to that of the liver. However, expression patterns of inflammatory processes and immune response pathways in the kidney are different from those in the liver (Figures 4a-d) . It seems that these two organs experience different pathways inciting inflammation and immune response after allo-SCT and initiating the GVHD process. A concept that needs to be explored more in the future!
